INTRODUCTION
Over the past decade, molecular phylogenetic studies have made much progress in understanding the broad-scale relationships within Euphorbia (Steinmann & Porter, 2002; Bruyns & al., 2006 Bruyns & al., , 2011 Park & Jansen, 2007; Horn & al., 2012; Yang & al., 2012) . Steinmann & Porter (2002) circumscribed Euphorbia as the clade including all species with cyathia and furthermore established the presence of four major clades within the genus. Bruyns & al. (2006) formally recognized these four clades as subgenera: E. subg. Esula Pers., E. subg. Rhizanthium (Boiss.) Wheeler, E. subg. Chamaesyce Raf., and E. subg. Euphorbia. Peirson & al. (in prep.) have since determined that E. subg. Athymalus Neck. ex Reichb. is an earlier valid name for E. subg. Rhizanthium. Horn & al. (2012) analyzed ten gene regions from all three plant genomes to firmly establish that E. subg. Esula is the first clade to diverge, followed by E. subg. Athymalus, which is sister in turn to the clade of E. subg. Chamaesyce and E. subg. Euphorbia. With the relatively sparse taxon sampling in all previous phylogenetic studies, many species in Euphorbia had not been placed to their corresponding subgenus, and relationships within the subgenera are still incompletely resolved. From an evolutionary and taxonomic standpoint, there is a need to develop a comprehensive sectional classification for each of the subgenera. In this study we attempt to resolve these issues in E. subg. Euphorbia, which is the largest subgenus in Euphorbia.
Euphorbia subg. Euphorbia contains over 650 species, and it is the most diverse of the four subgenera in terms of cyathial variation, growth form, and habitat (Horn & al., 2012) . Variation in cyathial morphology in this subgenus is particularly high and had been the basis for previously recognizing five segregate genera. These segregates include E. sect. Monadenium (including the former genera Monadenium Pax + Synadenium Boiss. + Endadenium L.C. Leach) from eastern tropical Africa, E. sect. Crepidaria (represented by the former genus Pedilanthus Neck.) from Mexico and the Caribbean, and E. sect. Cubanthus (the former genus Cubanthus (Boiss.) Millspaugh) from the Caribbean. Each of these groups displays a unique variation on the basic cyathial form. The genus Elaeophorbia was also previously segregated based on the possession of fleshy fruits, a rare character state in Euphorbia. Species of E. subg. Euphorbia include herbs, geophytes, woody shrubs, understory and canopy trees, stem succulents that range from dwarf shrubs to candelabriform trees, and the unusual growth form of pencil-stemmed plants (e.g., E. decorsei, Fig. 1F ). Woody shrubs and trees occur in both xeric and mesic forests of Madagascar and in the New World tropics. Herbaceous species are found in South America, Africa, and Australia. Geophytes have evolved several times in E. subg. Euphorbia and are found in Africa, Madagascar, the Arabian Peninsula, and southern Asia. The species of E. sect. Euphorbia from Africa and Asia are often compared to the cacti of the New World as a classic example of convergent evolution, and they are the prime representatives of stem succulents in E. subg. Euphorbia. Bruyns & al. (2006) proposed a sectional classification for E. subg. Euphorbia based almost entirely on Old World species, but their relatively small taxonomic sampling did not allow for the establishment of a comprehensive phylogenetic hypothesis and classification. Even with an expanded sampling of mostly African and Arabian species from E. subg. Euphorbia (Bruyns & al., 2011) , important groups from Madagascar and the New World were not well represented in a phylogenetic analysis of E. subg. Euphorbia; a much broader sampling of the putative members of E. subg. Euphorbia from across the geographic range of the subgenus is required to gain a global understanding of the evolutionary relationships in this complex group.
To date, the relationships and phylogenetic position of the New World species in E. subg. Euphorbia have not been suitably resolved (Steinmann & Porter, 2002; Bruyns & al., 2006) . The 26 New World species in E. subg. Euphorbia included by Zimmerman & al. (2010) formed a grade in their analysis of ITS and trnL-trnF chloroplast spacer data, but the eleven species sampled by Horn & al. (2012) for their ten-locus study formed a well-supported clade. The placement of the New World members of E. subg. Euphorbia and determining whether they represent a single clade is one of the main aims of this study.
Another key question involves an ecologically and morphologically diverse set of approximately 120 species from Madagascar. In contrast to other well-defined Old World groups, such as E. sect. Euphorbia and E. sect. Monadenium, the Madagascan species are the least understood group of species in E. subg. Euphorbia from a phylogenetic standpoint (Steinmann & Porter, 2002; Bruyns & al., 2006; Park & Jansen, 2007; Zimmermann & al., 2010; Horn & al., 2012) . The Madagascan species include, among others, the crown-of-thorns complex (E. milii and allies) and coraliform, pencil-stemmed trees such as E. tirucalli and E. alluaudii. There have been two clades of Madagascan species resolved in all previous phylogenetic studies involving E. subg. Euphorbia, but their relationship to each other has not been well resolved. All of the pencil-stemmed species in Euphorbia have previously been placed in one group, E. sect. Tirucalli, (e.g., Boissier, 1862; Hassall, 1977) , but there is ample evidence now that this previous circumscription of E. sect. Tirucalli does not represent a monophyletic group (Boissier, 1862; Hassall, 1977; Steinmann & Porter, 2002; Haevermans, 2003; Bruyns & al., 2006; Barres & al., 2011; Horn & al., 2012; Yang & al., 2012) . Also, there are Fig. 1 . Examples of morphological diversity in E. subg. Euphorbia. A-F, Growth forms: A, herb, E. floridana; B, leafy shrub with long-and shortshoots, E. hedyotoides; C, cactiform succulent, E. cooperi ; D, geophyte, E. nana; E, spiny, xerophytic shrub, E. horombensis; F, pencil-stem tree, E. decorsei. G-L, Cyathial variations: G, simple dichasial form of E. sect. Euphorbia, E. inarticulata; H, spreading cyathophylls common in E. sect. Goniostema, E. horombensis; I, zygomorphic cyathium with nectar spur typical of E. sect. Crepidaria, E. calcarata; J, fused glands of E. sect. Monadenium, E. heteropoda; K, horned glands of E. sect. Brasilienses, E. sipolisii ; L, cyathophylls forming a pseudofloral tube typical of several members of E. sect. Goniostema, E. viguieri. M-P, Spine structures: M, comb-like stipular spines in E. sect. Goniostema, E. viguieri ; N, spine-shields in E. sect. Euphorbia, E. zoutpansbergensis; O, stipular spines in E. sect. Goniostema, E. milii ; P, spines of E. neospinescens, E. sect. Monadenium. a number of poorly studied leafy species, such as E. pervilleana from Madagascar, which have been placed in E. sect. Tirucalli by Bruyns & al. (2006) , but are likely part of a separate clade . Because the position of these species within E. subg. Euphorbia has not been congruent among previous studies, we still do not know if the Madagascan species form a single clade or represent two or more independent radiations on the island.
As part of the worldwide Euphorbia Planetary Biodiversity Inventory (PBI; www.euphorbiaceae.org) project, the goals of the present study are to: (1) produce a robust phylogenetic hypothesis of the relationships of all major groups in E. subg. Euphorbia based on a thorough taxonomic and geographic sampling and utilizing multiple regions of DNA sequence data, (2) establish the phylogenetic position of as many members of E. subg. Euphorbia as possible, and (3) create a sectional classification system for the subgenus. We plan to use this phylogenetic framework to address the outstanding phylogenetic questions within E. subg. Euphorbia, as mentioned above. In particular, we aim to determine if the New World species form a monophyletic group and to resolve the relationships of the Madagascan species.
MATERIALS AND METHODS
Taxonomic sampling. -A total of 317 accessions representing 226 species of Euphorbia were analyzed in this study, including ten outgroup species representing the three other subgenera within the genus. Taxa were selected to obtain a broad and thorough sampling of putative members of E. subg. Euphorbia across its geographic range based on previous molecular phylogenetic studies and the collective knowledge of the collaborators within the Euphorbia PBI project. Material for DNA extraction was collected by the authors and by additional PBI collaborators from live plants in the field or in living collections, as well as from herbarium collections. Live tissue was preserved in silica gel prior to extraction. Vouchers of wild specimens were collected as whole or partial plants and deposited at MICH and/or local herbaria (see Electr. Suppl.: Appendix S1). Greenhouse specimens were documented with digital photographs because destructive sampling was discouraged by collection owners. In this case, photo voucher specimens were made using a set of printed photographs from each sampled specimen and deposited at MICH.
DNA extraction, amplification, and sequencing. -Total genomic DNA was extracted using the DNeasy Plant Mini Kit (Qiagen Inc., Valencia, California, U.S.A.) following the manufacturer's instructions with slight modification for herbarium material. DNA was diluted 10 to 50 times to reduce inhibition of PCR enzymes by secondary compounds. Primer pairs were chosen for this study based on their previous utility in phylogenetic studies of Euphorbia or preliminary tests for polymerase chain reaction (PCR) amplification specificity, phylogenetic information content, and absence of long polyA/T regions that may interrupt sequencing reactions (Steinmann & Porter, 2002; Bruyns & al., 2006; Steinmann & al., 2007) . The final regions chosen were the cpDNA coding region matK including the partial trnK intron, the cpDNA coding region ndhF, and the internal transcribed spacer region of the nuclear ribosomal DNA (ITS). All PCR reactions from genomic DNA were carried out using Ex Taq taq-polymerase and buffer (Takara Bio Inc., Otsu, Shiga, Japan).
The ndhF gene was PCR-amplified in two pieces: the 5′ half was amplified using primers 536F and 1318R (Olmstead & Sweere, 1994) , and the 3′ half using primers 972F (Olmstead & Sweere, 1994 ) and 2110Ri (Steinmann & Porter, 2002) . The 15 µl PCR mixture contained 1.5 μL 10× Ex Taq Buffer, 1.2 μL dNTP (2.5 mM), 0.4-0.6 μL of each primer (10 μM), 0.075 μL of 5 units/μL Ex Taq, 2-2.5 μL of diluted template DNA and the remainder of ddH2O. The PCR protocol consisted of an initial denaturing step of 95°C for 2 min followed by 35 cycles of denaturing at 95°C for 45 s, annealing at 53.8°C for 45 s, extension at 65°C for 3 min and then a final extension step at 65°C for 5 min (modified from Shaw & al., 2005) . The matK region was amplified using the primers trnK570F and matK1710R (Samuel & al., 2005) . The 15 µl PCR mixture contained 1.5 μL 10× Ex Taq Buffer, 1.2 μL dNTP (2.5 mM), 0.5 μL of each primer (10 μM), 0.12 μL of 5 units/μL Ex Taq, 2 μL of diluted template DNA and the remainder of ddH2O. The PCR protocol consisted of an initial denaturing step of 95°C for 2 min followed by 35 cycles of denaturing at 95°C for 45 s, annealing at 57°C for 45 s, extension at 65°C for 5 min and then a final extension step at 65°C for 10 min (modified from Shaw & al., 2005) . The ITS region was amplified using the primers ITS-I (Urbatsch & al., 2000) and ITS4 (White & al., 1990) . The 15 µl PCR mixture contained 1.5 μL 10× Ex Taq Buffer, 1.2 μL dNTP (2.5 mM), 0.5 µl of 5M Betaine solution (Sigma-Aldrich, Inc., St. Louis, Missouri, U.S.A.), 0.5 μL of each primer (10 μM), 0.12 μL of 5 units/μL Ex Taq, 2 μL of diluted template DNA and the remainder of ddH2O. A touchdown PCR protocol was used for the ITS region with an initial denaturing step at 95°C for 2 min and a final extension at 72°C for 15 min. The intervening 35 cycles each had a 2 min denaturing step of 30 s at 95°C and an extension step of 45 s at 72°C. The annealing temperature was decreased from 60°C to 50°C as follows: 1 cycle at 60°C, 2 cycles at 59°C, 3 cycles at 58°C, 4 cycles at 57°C, 5 cycles at 55°C, 6 cycles at 52°C, and 14 cycles at 50°C.
All PCR products were examined by gel electrophoresis on 1% agarose gels. Specific PCR products were purified using ExoSap-IT (USB Corporation, Cleveland, Ohio, U.S.A.). For weak PCR products, or products with primer dimers, the QIAquick PCR Purification Kit was used. All PCR products were sequenced at the University of Michigan DNA Sequencing Core. ITS and ndhF PCR products were sequenced using the amplification primers. To maximize bidirectional reads for the entire length of the matK region, the matK80F primer (Samuel & al., 2005) and three custom primers (matK688R [5′-CRA GAT GRA TGG GRT AMG G-3′], matK1850R [CGT CCT CTA TAT AAC TTG CGC G], matK1387F [CAG TAG GAC ATC CTA TTA GTA AAC CG]) were used in addition to amplification primers for sequencing.
DNA sequence alignment and models of evolution. -All ABI chromatograms from sequencing were edited and assembled using the Staden software package (v.2.0; Staden, 1996) . All sequences are deposited in GenBank, and species names, vouchers, and GenBank accession numbers are given in Appendix S1 (Electr. Suppl.). Sequences of each region were aligned using the MUSCLE web server at http://www .ebi.ac.uk/Tools/msa/muscle (Edgar, 2004) and adjusted manually using the program BioEdit v.7.1.3 (Hall, 1999) to maximize the similarity among sequences in the relatively few regions in which MUSCLE unnecessarily created multiple gaps when fewer gaps could be inferred (Simmons, 2004) . Some regions of the partial trnK intron flanking the matK gene were difficult to unambiguously align and were excluded from the alignment. In total, seven data matrices were assembled. For the maximum likelihood (ML) analyses all accessions were included to produce matrices for each of the individual regions, the cpDNA regions concatenated, and all regions concatenated (matK, ndhF, ITS, cpDNA, and 3-gene matrices, respectively). A reduced taxon set that minimized missing data was used to construct concatenated matrices of the cpDNA (cpDNA-min) and of all regions (3-gene-min) for the Bayesian analyses (see below). Indels were coded as binary characters for the matK and the ndhF regions using the simple coding method of Simmons & Ochoterena (2000) as implemented in the program SeqState v.1.4.1 (Müller, 2005 (Müller, , 2006 . ITS indels were not coded because many were part of ambiguously aligned sections that were more common and spreadout in the ITS matrix than in the chloroplast datasets. The best-fitting model of sequence evolution for each of the three individual matrices was selected using Modeltest v.3.07 (Posada & Crandall, 1998) , employing the Akaike information criterion (AIC). Modeltest chose the GTR + I + γ model of nucleotide substitution for all regions and concatenated datasets except matK, for which the TVR + I + γ model was chosen. However, because MrBayes does not allow this model to be specified, and to avoid potential parameter interactions by modeling among-site rate variation with two parameters (RAxML manual, v.7.0.4), we used the GTR + γ model for all analyses.
Phylogenetic inference. -Separate data partitions were defined for each gene region and character type (DNA or indel) , and for codon position within the ndhF region. In the alignment of the matK region, which includes the trnK intron and many more gaps across the entire matrix, we were unable to identify a reliable open reading frame across sequences. We therefore decided not to treat codon positions as separate partitions in the analysis. Maximum likelihood estimation (MLE) of phylogeny and model parameters was performed using the program RAxML v.7.2.8 (Stamatakis, 2006) . Where applicable, all model parameters except for branch lengths were estimated separately for each partition. Branch lengths were estimated as the average across partitions. Matrices were analyzed using the rapid bootstrap (1000 pseudoreplicates) plus thorough MLE search option [-f a] . Bayesian inference (BI) of phylogeny and model parameters was performed on the cpDNA-min and 3-gene-min matrices using MrBayes v.3.2.1 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) . Six independent MCMC runs of four chains each were run for 14.8 × 107 generations sampling every 104 generations. Stationarity and convergence of the MCMC runs was assessed using the programs Tracer v.1.5 (Rambaut & Drummond, 2007) and online version of AWTY (http://ceb.csit.fsu.edu/awty, Wilgenbusch & al., 2004) . Preliminary analyses were used to determine the appropriate parameters for the MCMC runs with the following results. To achieve swap frequencies of 20% to 60% between adjacent heated chains, the temperature parameter was set to 0.02. To prevent unrealistically long tree length estimates, the mean of the prior distribution of tree lengths was adjusted as suggested by Marshall (2010) to a final value of 250 [brlenspr = unconstrained: exponential (250) ]. Reduced taxa matrices were used because original matrices failed to converge on a single posterior distribution of tree and model parameters. Recent studies have found that Bayesian analyses can be biased by missing data, potentially due to improper branch length estimation (Marshall & al., 2006; Lemmon & al., 2009; Marshall, 2010) . These matrices contained approximately 30% missing data due to variation in sequencing success for regions among taxa. In preliminary analyses of both the cp-DNA matrix and the 3-gene matrix, each with all taxa included, multiple independent runs appeared to converge on a particular log likelihood (LnL) and tree length (TL) distribution while other runs converged on a markedly different distribution of each parameter. In these cases a higher mean LnL was consistently associated with a lower mean TL. When the proportion of missing data in the matrices was reduced to approximately 10% (including gaps) by removing most taxa without all three regions sequenced, much better performance of the MCMC chains was achieved in terms of chain swap frequencies, mixing of chains, and convergence of all parameters.
Assessment of clade membership. -Morphological and geographic distribution data were compiled from herbarium collections, live collections, field observations, and the literature for all species included in our molecular datasets as well as any that were previously classified as closely related to these species or suspected to belong in E. subg. Euphorbia. These data were used to determine whether Euphorbia species not sampled for molecular sequence datasets belong to E. subg. Euphorbia and to assign these species to clades within the subgenus.
RESULTS
Individual datasets. -Summary statistics for each dataset are given in Table 1 . The matK data provided the greatest information across all levels of the subgenus, while ndhF was less informative, although it did provide support for major clades. The ITS data supported some major clades but provided little resolution regarding relationships among them, and was most informative for closely related groups (Electr. Suppl.: Fig. S1 ). The ML analyses of the individual ndhF and matK datasets resulted in trees with some topological incongruence but no instances of well-supported conflict (trees not shown), so these were concatenated for the cpDNA analyses. We found eight instances of topological incongruence between the ITS phylogeny and the concatenated cpDNA phylogeny (Electr. Suppl.: Figs. S1, S2) where both of the alternate topologies had bootstrap support (BS) over 80%. One of these involved the sister relationship of two species in E. sect. Monadenium and the other six the placement of species within E. sect. Euphorbia. Both of these sections are well-supported clades in all analyses. Notable among these incongruences, however, is the placement of E. abdelkuri and E. lacei. In the ITS tree, E. abdelkuri is sister to the rest of E. sect. Euphorbia and E. lacei is the next to diverge, while in the cpDNA tree these species are nested within the section close to a group of Indian species that includes E. antiquorum and E. lactea. Given that the few instances of conflict were within a single strongly supported clade, all datasets were concatenated for the 3-gene analysis.
Phylogenetic results. - Figure 2 shows the ML tree from the 3-gene dataset. This phylogeny is largely congruent with the cpDNA and ITS trees; the few exceptions are noted below ( Fig. 2 ; Electr. Suppl.: Figs. S1, S2). The ML tree includes the most complete taxon sampling of E. subg. Euphorbia, so we chose to use this tree as the best estimate of the phylogeny. All datasets recovered a monophyletic E. subg. Euphorbia consisting of four major lineages ( Fig. 2 ; Electr. Suppl.: Figs. S1-S3). These clades can be distinguished by their geographic distributions and we refer to them as the Pacific clade, the New World clade, Old World clade I, and Old World clade II (Fig. 2) . Support for each of the major lineages is high (BS > 99%, posterior probability [PP] > 0.95) from all datasets, with the exception of the ITS support for the New World clade and Old World clade II (BS 28% and 79%, respectively); however, the relationships among these clades are not well-supported ( Fig. 2 ; Electr. Suppl.: Figs. S1-S3). One species from Madagascar in our sampling, E. mandravioky, which represents E. sect. Pachysanthae, a newly defined section in E. subg. Euphorbia, is not well supported as part of any of the four major clades by any dataset. It is sister to Old World clade I in the cpDNA (BS 78%) and 3-gene trees (BS < 50%) and sister to Old World clade II in the ITS tree (BS 54%; Fig. 2 ; Electr. Suppl.: Figs. S1, S2). The position of E. mandravioky as sister to Old World clade I has the highest BS and makes the most sense geographically given that Old World clade I is mainly a Madagascan clade.
Two additional topological incongruences exist between the ITS, cpDNA and 3-gene trees. First, E. abdelkuri and E. lacei are strongly supported as sister to the rest of E. sect. Euphorbia in the 3-gene tree (BS 93%) or moderately supported as successive sister lineages in the ITS tree (BS 81%). In contrast, their nested position in the cpDNA tree is well-supported (BS 100%), and the relationships at the base of E. sect. Euphorbia lack strong support. Second, the position of E. sect. Rubellae, from northeast Africa, is incongruent between the concatenated datasets. In the 3-gene tree, E. sect. Rubellae is sister to the rest of Old World clade II with BS 68%. In the cpDNA tree this section is nested within Old World clade II (BS 82%) and sister to the clade of E. sect. Monadenium and E. sect. Euphorbia (BS 77%). We note that while we chose the 3-gene tree to represent our best estimate of the phylogeny of E. subg. Euphorbia, the cpDNA data resolve the relationships within Old World clade II with higher support. However, because the matK matrix did not include E. sect. Rubellae, its position in the cpDNA tree is determined by the ndhF data only.
Among the MrBayes runs that had converged on the same posterior probability distribution, we discarded those that likely had not converged on the same distribution of trees, based on their substantially different support for individual clades (determined with the AWTY Compare analysis). However, for each dataset there were two runs from which the AWTY Compare plots of posterior probabilities for clades were very close to the unity line, indicating that they had converged on the same distribution of trees. These runs were used to determine support for clades. The Cumulative analyses in AWTY for both the cpDNA-min and 3-gene-min datasets indicated that runs that had likely converged reached stationarity by generation 1.2 × 107. All prior trees were discarded as burn-in. Although the difference in taxon sampling among inference methods does not allow for detailed comparisons between the Bayesian and ML trees, the topology of the 50% majority-rule consensus tree from the Bayesian analysis was generally congruent with the ML tree (e.g., the same major clades were recovered). The posterior probabilities of major clades and sections in E. subg. Euphorbia are summarized in Fig. S3 (Electr. Suppl.).
Taxonomic results. -The phylogenetic hypothesis presented here along with a review of morphological and geographic distribution data allowed us to assign 661 species to E. subg. Euphorbia and place all of these species to sections. These sections are indicated on Fig. 2 and are detailed below in the taxonomic treatment, where we newly define or significantly recircumscribe 11 sections, resulting in a total of 21 sections within E. subg. Euphorbia. The new sections are concentrated in the New World and Madagascar clades.
DISCUSSION
With our greatly increased sampling effort, we confirmed the results of several previous studies, which found that Euphorbia subg. Euphorbia is a strongly supported mono- phyletic group (Steinmann & Porter, 2002; Bruyns & al., 2006; Zimmermann & al., 2010; Horn & al., 2012) . Our analyses also show that the subgenus is comprised of four strongly supported clades: the New World clade, the Pacific clade (E. sect. Pacificae), Old World clade I, and Old World clade II, although the relationships among them are not well-supported (Fig. 2) . The lack of resolution along the backbone of the subgenus in this and all previous studies, and the very short branch lengths at this level of the tree (data not shown), suggest that the lack of resolution is not an artifact of marker choice but rather a "true" signal, which may be the result of a rapid radiation early in the evolutionary history of the subgenus. In addition, by comparing our results with those of Horn & al. (2012) , we do not see an improvement of the support values in this part of the phylogeny through an increase in taxon sampling. Below we discuss significant morphological characters within each major clade and then discuss general patterns of morphological evolution within the subgenus. (Steinmann & Porter, 2002; Bruyns & al., 2006; Zimmermann & al., 2010) , but our sampling and sequence data are the first to show the extent of the New World lineage and to demonstrate its monophyly. The New World clade consists of 11 highly supported clades or single species which we treat here as sections. They range in size from a single species in E. sect. Lactifluae to 36 species in E. sect. Nummulariopsis. The branches that connect 
the New World sections are very short relative to those that subtend each of them, and accordingly there is poor resolution of the sectional relationships within the New World clade. As with the backbone of the subgenus, this pattern is the same as that found by Horn & al. (2012) in their species-poor but marker-intensive phylogeny; thus this pattern is not likely to be an artifact of taxon sampling or marker choice, but rather a reflection of the history of this group. The New World clade is where our results differ most from previous work. Five of the eleven sections that we recognize here have been previously described and remain largely unchanged in our circumscription, but the remaining six are new sections or are significant recircumscriptions of previously named groups reflecting our phylogenetic results.
A notable section we recognize among the New World species is E. sect. Euphorbiastrum, which is circumscribed here as an unusually diverse group of species in terms of their growth forms. At the base of this clade are two species, E. laurifolia and E. cestrifolia, which are both small trees that occur in open, dry scrubland in the northern to central Andes. The next diverging species is E. weberbaueri, which is very different from the previous two in being a semi-succulent pencil-stem shrub growing in cactus-scrub vegetation of Peru and Ecuador. This is followed by E. dussii, which is a rare shrub from moist forests of Martinique and St. Lucia in the Lesser Antilles. Steinmann & al. (2007) hypothesized that E. dussii was part of E. sect. Cubanthus, but our data place it instead well nested within E. sect. Euphorbiastrum. This indicates that E. dussii and E. sect. Cubanthus represent two separate introductions of E. subg. Euphorbia into the West Indies. Euphorbia pteroneura is another semi-succulent species in this clade, with green stems resembling those of E. weberbaueri, but it is an herb from southern Mexico with fully developed, droughtdeciduous leaves. Sister to E. pteroneura is E. hoffmanniana, a large shrub from Costa Rica. Despite the heterogeneous morphology of these species, their monophyly is highly supported by our molecular sequence data (BS 93%; Fig. 2A ). The relationship of this clade to other species in the New World clade, however, has very little support. This section is a fine-scale example of the lability of growth form evolution in Euphorbia and of the potential this group holds for studying the drivers of such evolutionary patterns.
Euphorbia sect. Pacificae (= Pacific clade). -This clade was originally recovered by Steinmann and Porter (Steinmann & Porter, 2002) , although they only included three species. Based on our results ( Fig. 2A) as well as previous treatments (Hassall, 1977; Forster, 1994) , E. sect. Pacificae consists of twelve species. Nine of these species form a complex related to E. plumerioides, and are all shrubs to small trees that grow in highland forests or coastal headlands in the southwestern Pacific area, New Guinea, and tropical Australia. Three other subtropical Australian species are included in E. sect. Pacificae, namely E. boophthona, E. stevenii (both herbs), and E. sarcostemmoides (a pencil-stem shrub). Zimmermann & al. (2010) included two accessions of E. boophthona in their analysis, one from Steinmann & Porter (2002) and another from their own collection. Their collection was placed in E. subg. Chamaesyce, while the Steinmann collection was placed in E. sect. Pacificae. Our own third accession is strongly supported as part of E. sect. Pacificae and thus confirms the results of Steinmann & Porter (2002) and Horn & al. (2012) . This species is distinct from all other members of E. sect. Pacificae in having four cyathial glands and seeds with a pronounced caruncle, while the rest of the species have five glands and ecarunculate seeds. The cpDNA and 3-gene datasets resolve E. sect. Pacificae as sister to the New World clade, but the ITS data place it sister to Old World clade I. Both relationships have poor BS (≤ 55%), but the clade itself is highly supported in all analyses regardless of taxon sampling or sequence data used (BS 100%, PP > 95; Fig. 2 ; Electr. Suppl.: Figs. S1-S3 ). Euphorbia sect. Pacificae has a unique geographic distribution within Euphorbia (Fig. 2) , occurring mainly in Papua New Guinea and Australia but also on islands of Malesia, the Philippines, Melanesia, and Hawaii.
Old World clade I. -The third major clade recovered in our study, which we refer to as Old World clade I, is distributed mainly across Madagascar, but with several species in Africa and the Arabian Peninsula. In the 3-gene and cpDNA analyses ( Fig. 2B ; Electr. Suppl.: Fig. S2 ), this clade is sister to the remaining Old World species, although in the ITS tree it is sister to the Pacific clade (Electr. Suppl.: Fig. S1 ). Neither of these placements is strongly supported, but the geographical distribution of Old World clade I supports the results of our combined analyses (Fig. 2B) . The exclusion of this group, with high support (BS 100%), from the rest of the Madagascan species (mostly placed in Old World clade II) suggests that there have been at least two, and possibly three, independent introductions to Madagascar within E. subg. Euphorbia.
Old World clade I contains several growth forms and a diversity of cyathium and fruit characters, but it can be distinguished from other clades by the prevalence of dioecy in most species. This reproductive system has not been conclusively documented in all species, but it appears to be a morphological synapomorphy for the clade. We recognize two sections in Old World clade I, the newly described E. sect. Pervilleanae and the substantially recircumbscribed E. sect. Tirucalli. Euphorbia sect. Tirucalli, as circumscribed here, includes only pencilstemmed species that have photosynthetic, semi-succulent branches that are typically long relative to their diameter and usually bear rudimentary, caducous leaves (Fig. 1F) (Horn & al., 2012) . This growth form is exemplified by E. tirucalli, the milkbush tree, which is commonly planted in the tropics but is likely native to southern Africa or Madagascar. Euphorbia tirucalli has been the basis for a group at various ranks that has included all or most of the pencil-stemmed species in Euphorbia. Previous work has shown that this was an artificial grouping and that the pencil-stemmed habit has evolved independently multiple times, and in each subgenus of Euphorbia (Steinmann & Porter, 2002) . The true relatives of E. tirucalli are a group of 23 species occurring mostly in Madagascar, but with several species in Africa and the Arabian Peninsula (Fig. 2) . The various groups of pencil-stemmed species in Euphorbia are often difficult to distinguish morphologically. In contrast, the species of E. sect. Tirucalli are well-characterized as dioecious shrubs or trees, with alternate branches that can appear whorled, conspicuous pubescence (especially on the ovaries), female flowers with calyx lobes, and carunculate seeds. This combination of characters can usually serve to tell all species of E. sect. Tirucalli from pencil-stemmed species belonging to other clades.
Old World clade II. -The remaining Old World species in E. subg. Euphorbia comprise Old World clade II, which is divided into four sections. The size of these sections varies from over 350 species in E. sect. Euphorbia to three species in E. sect. Rubellae. Species in Old World clade II are distributed in Africa, Asia, and Madagascar, with the majority occurring in warm, arid climates. Spines of various form, but generally considered of stipular origin (White & al., 1941) , are quite common in this clade, as are succulent stems (Fig. 1C, G, M-P) . Growth forms also vary greatly among the sections of Old World clade II and include geophytes, pencil-stemmed shrubs and trees, leafy shrubs and trees, spiny xerophytic shrubs, and various kinds of stem succulents (Figs. 1B-E, M, 2B, C).
Support for Old World clade II and for each of the four subclades is high (BS 100%, PP 1.0). However, only the cpDNA analysis resolved the relationships among the subclades with good support (BS > 80%; Electr. Suppl.: Fig. S2 ). Several nodes differ between the ITS tree and the cpDNA tree (though with low BS from ITS), and these are likely the cause of the low BS support in the 3-gene tree. First, E. sect. Rubellae is inferred as sister to the rest of Old World clade II in the ITS tree (Electr. Suppl.: Fig. S1 ), but as sister to E. sect. Monadenium + E. sect. Euphorbia in the cpDNA tree (Electr. Suppl.: Fig. S2) . Second, the sister clade of E. sect. Euphorbia is the clade of sections Denisophorbia, Deuterocalli, and Goniostema in the ITS tree, but it is E. sect. Monadenium in the cpDNA tree. Horn & al. (2012) , who compiled the largest dataset in terms of sequence data, found the same sister relationship for E. sect. Euphorbia as in our 3-gene tree (Fig. 2) . However, they did not include E. sect. Rubellae, so we cannot make comparisons about the overall topology of Old World clade II. For simplicity, we discuss the groups within Old World clade II referring to the topology in Fig. 2 .
Euphorbia sect. Rubellae, represented by E. rubella and E. brunellii, is a group of three species from northeastern Africa and is the only clade in E. subg. Euphorbia comprised entirely of geophytic species. Aside from their habit, the most distinctive feature of this group is the 4 + 2 arrangement of the cyathial glands: four oblong-elliptic glands of equal size and two smaller, orbicular ones that are apparently derived from splitting of the original fifth gland (Gilbert, 1987) . These species were formerly included in E. subg. Lacanthis (= E. sect. Goniostema), but showed that the species of E. sect. Rubellae are not part of E. sect. Goniostema, which is now an entirely Madagascan group. Our results support their hypothesis of relationships.
Following E. sect. Rubellae in Old World clade II is a highly supported clade (BS 100%) consisting of three sections endemic to Madagascar: E. sect. Goniostema, E. sect. Denisophorbia, and E. sect. Deuterocalli (Fig. 2B) . In our ITS analysis, these sections form monophyletic groups with 100% BS for E. sect. Denisophorbia and sect. Deuterocalli, and low support (BS 56%) for E. sect. Goniostema (Electr. Suppl.: Fig. S1 ), but the plastid data does not resolve the relationships of these three groups well (Electr. Suppl.: Fig. S2) . Consequently, E. sect. Goniostema forms a grade in the 3-gene analysis, although the other two sections are monophyletic and still have 100% BS (Fig. 2B) . The grade pattern of E. sect. Goniostema in the 3-gene analysis (Fig. 2B) is due to the placement of several species (E. iharanae, E. neohumbertii, E. alfredii, E. geroldii, E. francosii and E. viguieri) outside the core of E. sect. Goniostema in the analysis of the plastid dataset (Electr. Suppl.: Fig.  S2 ). Horn & al. (2012) included E. iharanae and E. neohumbertii in their analysis and also found these two species to form a clade outside the core of E. sect. Goniostema. Euphorbia iharanae and E. neohumbertii represent a group of species from northern Madagascar that share the well-developed, colorful cyathophylls of the rest of E. sect. Goniostema. Several species in this northern group are unarmed trees or small shrubs from the rainforest of northeastern Madagascar (e.g., E. geroldii), while others are succulent shrubs or monocauls that occur in dry habitats of northern Madagascar. The latter group has bristly spines (e.g., E. viguieri, E. iharanae) or small glandular combs (e.g., E. alfredii) in vertical rows along the stem (Fig. 1M) . Some are also distinguished by erect cyathophylls that envelop the cyathia and resemble a floral tube (Fig. 1L ). These species have previously been placed in E. sect. Goniostema based on morphology and distribution, and despite their placement outside the core of the section in our concatenated analyses, they are part of a monophyletic E. sect. Goniostema in our ITS tree (Electr. Suppl.: Fig. S1 ). Moreover, analyses by Aubriot (2012) of two nuclear and six chloroplast regions, with comprehensive sampling of E. sect. Deuterocalli, sect. Denisophorbia, and sect. Goniostema, produce a well-resolved phylogeny that supports the monophyly of the three sections in Old World clade II and firmly places these species within E. sect. Goniostema.
One of the most morphologically distinct groups within Old World clade II is E. sect. Monadenium, which is distributed across eastern, central, and southern Africa. This is a highly supported clade (BS 100%, Fig. 2B ) of about 90 species that are easily recognized morphologically by the fusion of the cyathial glands into a horseshoe-shaped rim, or less commonly into a complete ring. This unique cyathial morphology was the reason this group was formerly segregated from Euphorbia, but our results and those from previous studies have confirmed that this section is well nested within E. subg. Euphorbia (Steinmann & Porter, 2002; Bruyns & al., 2006; Zimmermann & al., 2010; Horn & al., 2012) . Species of E. sect. Monadenium are particularly diverse in terms of growth form and include geophytes, succulent and non-succulent shrubs, as well as trees, vines, and one pencil-stem species (Fig 2B) .
The largest clade in E. subg. Euphorbia and perhaps the best known is E. sect. Euphorbia-the "spine-shield" euphorbias (Fig. 1C, D, G, N) . This group is a well-defined clade of over 340 species distributed mostly in Africa but also across southern and southeast Asia and into Indonesia. The defining character for this clade is the spine-shield-a horny pad of tissue subtending or surrounding each leaf base that typically bears two or four spiny outgrowths (Fig. 1G, N) . These outgrowths are usually interpreted as a pair of stipular spines and a pair of prickles (Carter, 1994) . The vast majority of species in E. sect. Euphorbia have spine-shields, but they have been lost in a few species, such as E. abdelkuri and E. piscidermis. Most species in this section are stem succulents that vary in size from prostrate dwarf shrubs to large candelabriform trees, and have angled, winged, or tuberculate stems and minute, caducous leaves. However, there are also geophytes and large trees that have well developed leaves. Several geophytic species from India, including E. fusiformis, E. nana (Fig. 1D) , and E. meenae, are now known to belong to E. sect. Euphorbia. There are no obvious characters placing them in E. sect. Euphorbia because they lack above-ground stems. However, DNA sequence data from previous studies confirm that they are indeed part of this section (Steinmann & Porter, 2002; Bruyns & al., 2006; Zimmermann & al., 2010) .
Growth form evolution. -Euphorbia subg. Euphorbia contains the full range of growth form diversity that is present within the genus (Figs. 1A-F, 2) . Moreover, our phylogenetic results confirm the conclusion of Horn & al. (2012) that specialized growth forms have evolved independently, and repeatedly, within the subgenus. Horn & al. (2012) inferred the common ancestor of E. subg. Euphorbia to be a shrub or tree with alternate leaves and terminal cyathia. This growth form (exclusive of the cyathial position) is mostly retained in E. sect. Pachysanthae, sect. Pervilleanae, and sect. Denisophorbia in Madagascar, as well as in most sections of the New World clade. The herbaceous habit has evolved four times in E. subg. Euphorbia: in the clade of E. sect. Portulacastrum + E. sect. Nummulariopsis, in E. pteroneura of E. sect. Euphorbiastrum, in E. sect. Monadenium, and in several members of E. sect. Pacificae. Geophytic species are present in all sections of Old World clade II and comprise the entire E. sect. Rubellae. The one geophyte from E. sect. Monadenium in our study, E. neogracilis, is sister to the rest of the section in our cpDNA and 3-gene analyses. The geophytes in E. sect. Goniostema and E. sect. Euphorbia have been shown to be well nested within those clades. The phylogenetic position of these geophytic species suggests that geophytes have evolved independently multiple times in Old World clade II Zimmermann & al., 2010; Bruyns & al., 2011) . Similarly, the pencil-stem tree/shrub habit appears to have evolved at least eight times in E. subg. Euphorbia: four times in the New World clade, twice in Old World clade I, and twice in Old World clade II (Fig. 2) .
Highly succulent, photosynthetic stems are present in E. sect. Euphorbia and in E. sect. Monadenium. While both of these sections contain a range of growth forms, all but a few species in E. sect. Euphorbia have spiny, succulent stems. The exceptions include the geophytes mentioned above, and some leafy trees such as E. drupifera. Species range from trees up to 25 m tall, such as E. cussonioides, to dwarf shrubs only a few centimeters high, such as E. decidua. While most species have minute, caducous leaves, some produce quite large, persistent ones (e.g., E. neriifolia and E. royleana from India). Because these species are nested well within E. sect. Euphorbia, the presence of persistent leaves appears to be a reversal to the ancestral state for the subgenus (Horn & al., 2012) . Growth form evolution in E. sect. Monadenium involves changes in habits rather than changes in size. This section contains the entire range of growth forms found in the subgenus, and the stem succulent species make up only a few of the total. While the stems of some species are succulent and green, the loss of functional leaves is much less pronounced in E. sect. Monadenium, and most species produce large, succulent leaves.
The switch to stem-based photosynthesis, as has happened in E. sect. Euphorbia and in all pencil-stemmed species, putatively involves several steps, including an increase in the stem stomatal density, delaying or abandoning bark initiation, increasing the volume of cortex for water storage, and the development of the Crassulacean Acid Metabolism (CAM) photosynthetic system (Nobel, 1988; Edwards & Donoghue, 2006) . Given the frequency with which stem-based photosynthesis has evolved in E. subg. Euphorbia (Fig. 2) , it seems that these are relatively "easy" evolutionary transitions to make in this group. In Cactaceae, Edwards & Donoghue (2006) showed that Pereskia Mill. species, which are the closest relatives to the core cacti, have high water use efficiency and some level of CAM photosynthesis. They suggested that this was preadaptive for the transition to the succulent-stemmed cactus life form. CAM has been inferred in most stem photosynthetic species in E. subg. Euphorbia, but the close relatives of the pencil-stem species are all C3 plants (Horn & al., 2011) , suggesting that CAM is not a prerequisite for the evolution of highly succulent, photosynthetic stems.
Diversity of cyathial morphology. -While most species in E. subg. Euphorbia have relatively unspecialized radially symmetric cyathia (with five, usually yellow glands that lack appendages, and with small, inconspicuous cyathophylls), some of the showiest and morphologically most derived forms of cyathia in the genus are also found within this subgenus (Fig. 1G-L) . For example, all species in E. sect. Monadenium possess cyathia with nectar glands fused either into a horseshoe shape or a full circle, as well as cyathophylls that are more or less fused dorsally, resulting in bilateral symmetry (Fig. 1J) .
Euphorbia sect. Crepidaria contains another striking example of fusion of cyathial parts and a shift to bilateral symmetry (Fig. 1I) . In this section, the nectar glands are positioned on one side of the involucre and are enveloped in a spur formed by the fusion of petaloid gland appendages. This is perhaps the greatest deviation from the general form of the open, actinomorphic cyathium that resembles a typical dicot flower (Fig. 1G ). This cyathial form in E. sect. Crepidaria is often associated with hummingbird pollination (Dressler, 1957) and represents a unique syndrome within Euphorbia. Cacho & al. (2010) suggested that the nectar spur was a key innovation that led to a rapid radiation in E. sect. Crepidaria. They noted that high morphological divergence relative to the low sequence variation among species suggested a rapid radiation after the evolution of nectar spurs, especially when coupled with the long branch leading to the extant members of the clade (found in our study and Bruyns & al., 2006 Bruyns & al., , 2011 Zimmermann & al., 2010) . However, they were unable to find unique support for the key innovation hypothesis except when assuming an outgroup of only one species. Our results do not resolve the sister relationship of E. sect. Version of Record (identical to print version).
Crepidaria, but place it most closely to clades that would also be unlikely to support the key innovation hypothesis.
Well-developed cyathophylls occur in E. sect. Goniostema, and this is a morphological synapomorphy for the clade (Fig. 1H) . Most species in E. sect. Goniostema have cyathophylls that become brightly colored (usually red or yellow) and can be spreading, or in a few species (e.g., E. neohumbertii, E. iharanae) envelop the cyathium completely, mimicking a pseudofloral tube (Fig. 1L) . Effects on pollination are unknown, but the change in shape in these "tubular" cyathia presumably affects the mechanism and/or effort required to access the nectar and could be associated with more specialized pollinators.
CONCLUSIONS
This study represents the most taxonomically and geographically comprehensive phylogenetic study of Euphorbia subg. Euphorbia to date. Sequence data from multiple regions representing the nuclear and plastid genomes allowed us to infer phylogenetic relationships across the subgenus, and they support four major lineages within the subgenus that can be characterized by their distributions. Our results clearly establish the monophyly of all New World species in E. subg. Euphorbia, define the species composition of the New World clade, and suggest a split between the Old World and New World early in the history of the subgenus. Our phylogeny also supports the hypothesis of at least two independent lineages in Madagascar within E. subg. Euphorbia. Included in these is E. sect. Tirucalli, which is recircumbscribed as the clade of pencil-stemmed species within E. subg. Euphorbia that includes E. tirucalli. Also included in these Madagascan clades are three sections of leafy shrubs and trees (E. sect. Denisophorbia, E. sect. Pervilleanae, E. sect. Pachysanthae) that will require more thorough study to better understand their circumscriptions and the delimitations of species within them. Consistent with the overall evolutionary lability of growth form in Euphorbia as a whole, several of the sections in E. subg. Euphorbia contain a wide range of growth forms for their small size. The pencil-stem growth form is particularly homoplasious within the subgenus, just as it is across the genus as a whole. Utilizing the phylogenetic framework established in this study, future studies will focus on potential drivers of the evolution of the unusual pencil-stem growth form as well as patterns of geographical and morphological differentiation in the large spine-shield clade, E. sect. Euphorbia.
TAXONOMIC TREATMENT
Altogether, 661 species are recognized in the subgenus. For each section listed below, we provide a list of their component species. Those species appearing in boldface-italics have been sampled molecularly in this or in previous studies, whereas those appearing only in italics are inferred to belong to the section based on their morphology and distribution. A complete database of names and synonyms with additional information is available online at the Tolkin website (http://app.tolkin.org/ projects/72/taxa, As the largest and most diverse of the four subgenera of Euphorbia, E. subg. Euphorbia is probably the most difficult to characterize morphologically. This clade has the greatest number of succulent and spiny species. Euphorbia subg. Athymalus also has a significant number of spiny, succulent species, but the spines in that group are generally of peduncular origin, whereas in E. subg. Euphorbia they are either stem enations or more complex "spine-shields" that may be of stipular origin ( Fig. 1M-P) (Carter, 1994) . Many of the succulent, spiny species are leafless, but members of both E. sect. Euphorbia and sect. Goniostema can also be both leafy and spiny. There are a number of evergreen or deciduous tree species in E. subg. Euphorbia in both Madagascar and the New World, and there are several lineages or species that show leafless and spineless pencil-stem habits. There are rather few truly herbaceous species in the subgenus, and a limited number of geophytes occur in at least four Old World clades.
Reproductively, E. subg. Euphorbia is notable for its wide variations of the cyathium, particularly in gland number, shape, and degree of fusion (Fig. 1G-L) . The glands generally lack appendages, but there are several small groups with short horns (Fig. 1K) , finely divided rims, or even finger-like processes. The bracts immediately subtending the cyathia, as opposed to the dichasial bracts subtending or along the rays of the synflorescence, are showy and diagnostic in several groups (Fig. 1H, L) . In our descriptions below we use the term "cyathophylls" to refer to these subcyathial bracts in all groups. The larger sections have bisexual cyathia, but dioecy is characteristic of some of the smaller sections. Similarly, caruncles are present in some groups, but absent in others.
Although certain sections of E. subg. Euphorbia can be readily distinguished by their specialized cyathial features (e.g., E. sect. Crepidaria and E. sect. Monadenium), many sections have a similar, basic cyathium, and habit types have been shown to be particularly homoplasious in the subgenus. This makes construction of a morphologically based key to the sections problematic; however, since major clades in the subgenus are well circumscribed geographically, the most straightforward approach is to first break the subgenus into these more manageable groups. Monoecious or dioecious herbs, shrubs, or small trees. Stems woody to fleshy, terete, glabrous. Stem leaves alternate, those on fertile branches opposite in E. boophthona, persistent to caducous, thin to fleshy, usually petiolate; stipules absent. Synflorescences subterminal, much-branched dichasia or solitary, axillary cyathia; cyathia pedunculate; glands (4)5(-11), green, ovate-elliptic, with short marginal processes. Capsule (sub)globose; seeds oblong to ovoid (cylindrical in E. boophthona), carunculate (E. boophthona) or ecarunculate.
Species included (11). -E. boophthona C.A. Gardner, E. brassii P.I. Forst., E. buxoides Radcl.-Sm., E. haeleeleana Herpst, E. heyligersiana P.I. Forst., E. indistincta P.I. Forst., E. kanalensis Boiss., E. norfolkiana Boiss., E. plumerioides Teijsm. ex Hassk., E. sarcostemmoides J.H. Willis, E. stevenii F.M. Bailey.
Distribution and habitat. -Australia, Indonesia, New Guinea, Philippines, and Pacific Islands (Norfolk Island, Fiji, Solomon Islands, Hawaiian Islands); the Australian herbaceous or pencil-stemmed species occur in dry interior or coastal habitats, whereas the remaining species occur in tropical or subtropical moist forests or scrub.
Euphorbia sect. Pacificae is a novel grouping that has a unique southern Pacific distribution within Euphorbia. It contains the E. plumerioides complex (Forster, 1994) , a group of eight or nine shrubby species, which is most diverse in New Guinea. Whether E. euonymoclada Croizat belongs here or not is uncertain and will require obtaining molecular data and more specimens of this rarely collected species; it differs from the other members of the E. plumerioides complex in its well-developed stipules and single-cyathiate synflorescence. Three quite different-looking species that are endemic to Australia are also included in E. sect. Pacificae, namely E. boophthona, E. stevenii, and E. sarcostemmoides. The first two are herbs, whereas E. sarcostemmoides is a leafless pencilstemmed shrub. Euphorbia boophthona is morphologically anomalous here, since it has four cyathial glands and seeds with a pronounced caruncle. An unusual species belonging to this group is E. haeleeleana, which is endemic to Kauai and Oahu in the Hawaiian Islands; it is a tree with large, woody fruits and cyathia with up to 11 glands. Trees to 25 m tall, trunk to 50 cm d.b.h. Stems round in cross-section, glabrous to pubescent, bark smooth and exfoliating into thin papery sheets. Leaves spirally arranged, droughtdeciduous; stipules glandular, minute, lateral at the base of the petiole; petiole well-defined; blade elliptic, base attenuate, apex acute, obtuse, mucronulate or apiculate, margin entire, glabrous to pubescent, pinnately nerved. Synflorescence axillary, originating from leafless nodes of older stems, rays 3-9, dichasia 1-branched; cyathophylls 2, white to yellow; involucres on a thick peduncle that becomes woody in fruit; glands 5, patelliform, situated on the rim of the involucre, without appendages; gynophore terminating in 3 short triangular calyx-like lobes; ovary glabrous, styles connate at the base, shortly swollenclavate, apex inconspicuously bifid to lobed. Capsule included within or barely exserted from the involucre, dry or with a slightly fleshy mesocarp; seeds broadly ovoid to subglobose, rounded to slightly quadrangular in cross-section, base and apex rounded, smooth, ecarunculate.
Distribution and habitat. -Central-western to southern Mexico; subtropical deciduous forests in montane canyons and lava flows; near sea level to 2100 m.
Species included (2). -E. lundelliana
Croizat, E. tanquahuete Sessé & Moc.
Euphorbia sect. Tanquahuete contains two tree species that are by far the largest members of Euphorbia in the New World, and among the largest in the genus. Euphorbia lundelliana is poorly known, but is placed here because of its arborescent habit, leaves similar to E. tanquahuete, large fruits, and smooth, ecarunculate seeds. Xerophytic shrubs, to 2.5 m tall, but mostly 1 m or less, soft-wooded and highly branched, bark grayish to red-brown, not exfoliating, drought deciduous; stems rounded in crosssection; whole plant glabrous. Leaves well developed, spirally arranged, loosely arranged on long shoots or highly congested on short shoots; stipules absent or represented by minute punctiform glands less than 0.1 mm in diameter at the base of the petiole; petiole short and inconspicuous; blade linear to narrowly elliptic, base attenuate, apex acute to apiculate, margin entire, secondary venation not evident. Synflorescences terminal on short lateral shoots, sometimes terminal on main branches; rays 3 or 4, dichasial bracts and cyathophylls showy, numerous (3-6), pale yellow; cyathia 2(3), sessile, glands 5(6), transversely oblong, situated on the rim of the involucre, without appendages; gynophore terminating in 3 inconspicuous, rounded calyx-like lobes; ovary glabrous, styles united into a short column ca. 1/6 their length, apex emarginate to bifid. Capsule barely exserted from the involucre; seeds plumply obloid, rounded in cross-section, base and apex rounded, smooth, with a conspicuous, hooded caruncle.
Distribution and habitat. -Northern Chile, rocky areas of Atacama Desert from the region of Antofagasta south to the vicinity of Copiapó; nearly sea level to 700 m.
Species included (1). -E. lactiflua Phil.
Euphorbia lactiflua is distinctive in its swollen branches and showy, yellowish cyathophylls. Although it was previously treated together with a number of leafless Old World succulents in E. sect. Tirucalli Boiss. (Boissier, 1862) , all molecular phylogenetic analyses show that E. sect. Lactifluae is an isolated lineage within the New World clade of E. subg. Euphorbia.
nov. -Type: Euphorbia sinclairiana Benth. Mesophytic shrubs or small trees to 5 m tall, littlebranched, bark not exfoliating. Stems thick and fleshy, rounded in cross-section, glabrous. Leaves large (25-40 × 5-12 cm), obovate to oblanceolate, loosely and spirally arranged, pinnately veined, margin entire; stipules well-developed, lateral at the base of the petiole, ovate to triangular, caducous and leaving a conspicuous calloused pad; petiole distinct, less than 1/10 the length of blade. Synflorescence terminal (sometimes appearing axillary), often long-pedunculate; cyathophylls 2, foliaceous or scale-like and highly reduced; cyathia on short peduncles, glands 5, circular to transversely oblong, situated on the rim of the involucre, without appendages; gynophore terminating in 3 triangular calyx-like lobes; ovary glabrous, styles united into a slender column 4/5 to 5/6 their length, apex emarginate to bifid. Capsule included within or barely exserted from the involucre, deeply 3-lobed, smooth or reticulately ridged; seeds globose to ovoid, rounded in cross-section, base truncate with a circular depression, apex mucronulate, smooth, ecarunculate.
Distribution and habitat. -Mexico (Chiapas), Costa Rica, Nicaragua, Panama, Colombia, Ecuador, Peru, Brazil (Acre), Bolivia; understory of wet, lowland forests but also extending to higher elevations in cloud forest, from near sea level to ca. 800 m.
Species included (1). -E. sinclairiana Benth. Bernal & al. (2006) provided a discussion of the morphological variation within this species and concluded that Euphorbia elata is best treated as a synonym of Euphorbia sinclairiana. Three other species similar to E. sinclairiana have been described (E. capansa Ducke, E. tessmannii Mansf., E. valerii Standl.). We treat them here as a single widespread species that varies in characters such as inflorescence length and persistence of the cyathophylls, but is characterized by the extremely distinctive habit and large, oblanceolate leaves, as well as growing in wet forest understorys. Trees or shrubs to 12 m tall, trunk to 20 cm d.b.h. Stems round in cross-section, glabrous or sparsely pubescent, bark rugose to furrowed. Leaves spirally arranged, loosely so (E. xylopoda) or congested at the ends of the branches (E. calyculata), drought-deciduous; stipules present, glanduliform-conical, lateral at the base of the petiole; blade elliptic, base attenuate, apex acute or obtuse, margin entire, pinnately veined. Synflorescences subterminal with 3-5 rays and dichasia 2-4 times branched (E. calyculata) or cyathia solitary and terminal at the ends of the main branches and subtended by three prominent white cyathophylls (E. xylopoda); cyathia pedunculate, glands 5, transversely elliptic to oblong, situated on the rim of the involucre, without appendages; gynophore terminating in 3 triangular calyx-like lobes; ovary glabrous, styles united into a column for 1/5 to 2/3 their length, swollen and emarginate at the apex. Capsule exserted from the involucre; seeds obloid, slightly angled in cross-section, base and apex rounded, smooth, carunculate.
Distribution and habitat. -Mexico (Jalisco, Michoacán, Guanajuato, Guerrero, Mexico, Oaxaca, Puebla); deciduous montane woodlands, oak and pine-oak forest, sometimes on lava flows, 1600-2300 m.
Species included (2)
. -E. calyculata Kunth, E. xylopoda Greenm.
Euphorbia sect. Calyculatae contains two closely related but morphologically very distinct species. Whereas E. calyculata has terminal pseudopleiochasial synflorescences typical of many groups of Euphorbia, the cyathia of E. xylopoda are solitary and terminal at the tips of the main branches, an uncommon condition in the genus. Steinmann & al. (2007) noted morphological similarities between E. calyculata and E. sect. Cubanthus, particularly in the leaf arrangement and calyx-like structure, but a close relationship between these sections is not supported by our data. Most species in this section are confined to southern South America, but a group of four species are disjunct to the southeastern United States and was formerly treated as E. subsect. Inundatae G.L. Webster (Bridges & Orzell, 2002) . Here this group is strongly supported as sister to the South American species. Both groups share the uncommon feature of a relatively well-developed calyx on the female flower. The species from the southeastern United States are functionally dioecious, a feature so far shared only with E. hieronymi among the South American species (Bridges & Orzell, 2002 Euphorbia sect. Crepidaria corresponds to the former genus Pedilanthus and is a collection of fifteen species from a wide range of habitats. The highly modified, zygomorphic cyathia in which a nectar spur is constructed of both involucre and gland appendage tissue easily distinguish this group (Dressler, 1957 Monoecious, xerophytic, stem-succulent shrubs to 6 m tall, highly branched. Stems ascending, with a persistent green epidermis, 4-6 angles descending from leaf scars, waxy. Leaves alternate, highly reduced and quickly deciduous, ovate, apex acute, margin entire, secondary venation not evident. Cyathia axillary, solitary or few in dense clusters, subsessile, glands 4-5(-7), transversely oblong, slightly cup-shaped with two horns either spreading or ascending, red or yellow, situated on the rim of the involucre; gynophore terminating in 3 triangular calyx-like lobes; ovary glabrous, styles united most of their length into a slender column, undivided. Capsule exserted from the involucre, green, red, or yellow and red, glabrous, 3-lobed; seeds obloid, rounded to weakly quadrangular in cross-section, base and apex rounded, smooth to minutely papillate, with a minute discoid caruncle.
Distribution and habitat. -Brazil (Espírito Santo, Bahia, Minas Gerais, Paraíba, Pernambuco); rocky uplands (campos rupestres), grasslands, thorn scrub, and tropical deciduous forest; 300-1250 m.
Species included (4). -E. attastoma Rizzini, E. holochlorina Rizzini, E. phosphorea Mart., E. sipolisii N.E. Br. This is the only New World section comprised entirely of stem-succulent species. The group is easily recognized by this habit and the colorful (dark red or yellow), horned cyathial glands (Fig. 1K) . The distinctions among species are mainly of gland color and number of stem angles (Rizzini, 1987; Eggli, 1994) .
13. Euphorbia sect. Pachysanthae X. Aubriot & Haev., sect.
nov. -Type: Euphorbia pachysantha Baill. Shrubs to large trees (2-25 m), "bottle-shaped" and unbranched at the base, mostly monoecious. Stems succulent toward the apices; bark gray, smooth to wrinkled. Leaves spirally arranged, grouped at the apices of the branches, obovate to lanceolate, thick (except in E. pachysantha); stipules reduced to two small glands. Synflorescence subterminal, 1 or 2-4 cyathia at the apex of the twigs; cyathophylls 2, well-developed, green-yellow, soon deciduous; glands 5, stipitate, elliptic to reniform, exappendiculate, green-yellow. Capsule indehiscent or tardily dehiscent (dehiscence line present though dehiscence not observed), erect or pendant, 3-locular or more commonly 2-locular or 1-locular by abortion, smooth to slightly wrinkled, green when young, 1.5-4 cm diam.; seeds 1-3, smooth, globular, ecarunculate.
Distribution and habitat. -Madagascar; in a variety of habitats, such as thickets in xeric bush of the southeast, tsingy (karst) formations in the north, remnant forests in the high plateaus in the northwest, and rainforest relicts of the central east.
Species included (4). -E. mananarensis Leandri, E. mandravioky Baill., E. pachysantha Baill., E. pirahazo Jum.
The large, uni-or bilocular fruits of this section are quite rare in Euphorbia and their presence suggests a close relationship to E. sect. Pervilleanae. Although rarely collected, the fruits of E. pachysantha are apparently fleshy and indehiscent. There are two additional species from northern Madagascar awaiting publication by Aubriot & al. (in prep.) 14. Euphorbia sect. Pervilleanae Haev. & X. Aubriot, sect.
nov. -Type: Euphorbia pervilleana Baill. Usually dioecious shrubs to trees, non-succulent but with a water-storing rootstock; bark smooth to exfoliating. Leaves alternate to subopposite, shape variable (linear, lanceolate, elliptic to obovate, scale-like for E. intisy); stipules reduced to black gland-like dots. Synflorescences terminal, male synflorescences bearing a larger number of cyathia; cyathophylls green, inconspicuous, similar to dichasial bracts; glands 4-6, elliptic to bilabiate. Capsule functionally 2(3)-locular, dehiscent or indehiscent, erect, smooth to pubescent, usually bearing ornaments such as wings, spines, or tubercles; seeds (1)2(3), large (5-10 mm diam.), chestnut-shaped, smooth or tuberculate, ecarunculate.
Distribution and habitat. -Widespread across Madagascar. Species included (7). -E. adenopoda Baill., E. analamerae Leandri, E. intisy Drake, E. pervilleana Baill., E. randrianjohanyi Haev. & Labat, E. rauhii Haev. & Labat, E. tetraptera Baker.
This group was formerly included in E. sect. Denisophorbia, to which it is not closely related. The leafless E. intisy was previously included in E. subg. Tirucalli but was shown to be misplaced there (Haevermans, 2003) , and this is confirmed here (Fig. 2B) .
